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Abstract

:

Coal gasification is considered a promising solution for the production of synthetic fuels and eventually as a fuel for combined heat and power systems and heating buildings. There are several factors that affect the gasification efficiency and syngas quality, such as gasification parameters (temperature, pressure, etc.), reactants and their ratio, utilisation of catalysts, and gasifier design. The multi-stage gasifier is known as a promising approach in the enhancement of process efficiency, as well as the syngas quality. In this study, the Hungarian brown coal was gasified in a two-stage gasifier. The pyrolysis stage was kept at 600 °C. The gasification stage was conducted at 700, 800, and 900 °C. The steam per carbon (S/C) ratio was examined at 0.75, 1.00, and 1.25. The positive effects of increasing gasification temperature on char and dry gas yield were obviously shown at all S/C ratios. The increase in the S/C ratio did not show a positive effect at all temperature conditions, especially at 700 and 900 °C. The highest dry syngas yield was 1.14 Nm3/kgcoal obtained at 900 °C and the S/C ratio of 1.25. The increase in the gasification temperature also had a significant impact on the volume fraction of CO and CO2. Meanwhile, the syngas concentration varied slightly when the S/C ratio increased from 0.75 to 1.25. From a chemical utilization point of view, the gasification temperature at 900 °C and the S/C ratio of 1.25 resulted in the most promising H2/CO ratio of 1.99. In addition, the highest carbon conversion and cold gas efficiency were achieved at 900 °C and an S/C ratio of 1.00–1.25, respectively.
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1. Introduction


Global energy is particularly dependent on fossil fuels (coal, oil, and natural gas), especially in the case of transport. Consequently, it leads to the depletion of fossil fuel resources. At the usual consumption rate, the existing reserve of oil will be exhausted within 50.6 years and 153 years for coal [1]. At present, coal is primarily used in coal-fired power plants in developing countries. Conventional coal-fired power plants have an overall energy efficiency exceeding 43%, while the combined heat and power or combined cooling, heating, and power (CCHP) systems can achieve over 60% total energy conversion efficiency [2,3]. One of the most interesting areas of research in CCHP systems is their integration with the gasification process [4,5,6,7,8].



Gasification is a complex process with several sub-processes, including dehydration, pyrolysis, reduction, and oxidation. These sub-processes can take place simultaneously with the various chemical reactions between gas-gas and gas-solid in a simple gasifier. Researchers categorize gasifiers as entrained flow, fluidized bed, and fixed bed (known as moving bed) gasifiers. Entrained flow gasifiers require fuels to be finely pulverized and gasifying agents to be fed into it under the gas phase condition, leading to strict requirements for feeding particle size, operating temperature, and pressure; consequently, they require higher input energy compared to other types of gasifiers. On the other hand, the fluidized bed gasifier suspends the fuel-gas mixing in the reaction zone, making it a popular choice for biomass due to its low average tar production. However, carbon conversion problems can arise with this gasifier type. Lastly, the fixed bed gasifier has low requirements for thermal input, an effective heat exchanger, and low gas exit temperature, as well as being easy to control [9]. Therefore, fixed bed gasifiers have found widespread use not only in the chemical production processes [10,11,12,13] and conventional combined heat and power systems but also in the field of energy efficiency in buildings [14,15,16]. It is quite difficult to achieve the optimisation conditions for each sub-process in a simple gasifier, especially in the entrained flow and fluidized bed types. Therefore, the multi-stage fixed bed gasifier with the separation of sub-processes could help to improve the optimization for the specific utilisation goal.



The multi-stage fixed bed gasification process can be categorized into single- and double-line processes [17], as shown in Figure 1. In the single-line multi-stage gasification process, there is only one stream of mass (solid and gas products) that goes through several reactors in a series or a reactor with multi-injection positions of reactants. In the double-line process, the mass stream is separated into at least two partial lines which flow through several reactors in parallel. In the case of the single-line process, there are two specific types listed as multi-air stage and multi-stage gasification process. In the case of the single-line multi-air stage gasification process, there are two or more air intakes used at different levels of a single reactor [18,19,20]. The starting material is usually pyrolysed in the first stage of the single-line multi-stage gasification process. After that, the pyrolysis products are gasified in the second stage in the presence of reactants.



Previous research on the performance of single-line multi-stage gasification can be found in the literature; however, there is a lack of information about the effects of operation parameters, pure steam as a reactant and using brown coal as the starting material for the chemical utilization point of view during the single line multi-stage gasification process. Brandt et al. [21] studied the tar reduction of biomass air-gasification in the two-stage gasifier (Viking two-stage gasifier). Firstly, the biomass fuel was pyrolyzed in an allothermal auger reactor with the exhaust heat from the flue gas of a gas engine. After that, the pyrolysis products (including pyrolysis char and gas) were transported to an autothermal downdraft fixed-bed gasifier for the partial oxidation process of volatile matter and char reduction processes, as shown in Figure 2. The air was supplied from the top of the second stage reactor, above the char bed of reduction zone for the partial oxidation process. The pyrolysis temperature was 420 and 600 °C at two different test series. While the temperature in the partial oxidation zone was 1050 and 1100 °C, respectively. Within the biomass air gasification in the two-stage gasifier, the tar content was less than 15 mg/Nm3 without heavy tar. Using the same Viking two-stage gasifier above for a long-term operation of the combined heat and power system, Ahrenfeldt et al. [22] experimented with wood chips, a range of 550–600 °C of pyrolysis temperature, and 1100–1300 °C at the oxidation zone. The experiment results showed that there were only minor amounts of naphthalene in the raw synthesis gas (0.1 mg/Nm3). The experiments were performed using the same Viking two-stage gasifier in another study [23] at 550–600 °C of pyrolysis temperature, 1150–1300 °C of oxidation temperature and an O2-CO2 mixture as a reactant. It was concluded that the synthesis gas during the O2-CO2-blown experiment gained a higher quality than the typical air-blown mode at <11 mg/Nm3 of tar content and <3 ppm of Sulphur content. From the chemical point of view, the H2/CO ratio was around 1.76 in the air-blown mode. While there was a significant increase in CO concentration due to the high CO2 concentration in the reactant, it led to a decreasing trend in the H2/CO ratio, a range of 0.8–0.89 in the case of 21%V O2-CO2-blown experiments and 1.11 ÷ 1.14 in the case of 25%V O2-CO2 blown experiments. Wang et al. [24] studied the biomass gasification process in a pilot-scale two-stage gasifier with oxygen-enriched air. During the stable operation time of the gasification process, the heat demand for the pyrolysis process was supplied from the flue gas of a syngas burner. It helped to retain the pyrolysis temperature around 350 and 450 °C. With an increase in O2 concentration, the total content of H2 and CO increased in all cases of experiments. The H2/CO ratio was around one with the O2 concentration at 50–100%V.



The main goal of this paper is to investigate the synergy effects of the temperature of the reduction stage within a specific high pyrolysis temperature and steam flow rate during the two-stage gasification process of Hungarian brown coal on gasification products distribution, synthesis gas composition, as well as the efficiency of the gasification process. This study will enhance our understanding of fine-tuning the synthesis gas composition for further application in the chemical processes during the single-line multi-stage gasification process of Hungarian brown coal.




2. Materials and Methods


2.1. Material


The Hungarian brown coal studied in these experiments was supplied by the Ormosszén Zrt. from their mining site in Felsőnyárád, Hungary. The coal samples were dried at room temperature for 7 days. After that, the coal samples were stored in different packages for the experiment. The coal sample is presented in Figure 3. The diameter of coal particles was 10–30 mm.



The ultimate analysis of the coal sample was conducted under the standard ISO 29541:2010 Solid mineral fuels—determination of total carbon, hydrogen, and nitrogen content—Instrumental method, within a Carlo Erba EA 1108 equipment analyser. The high heating value of the coal sample was examined by a bomb calorimeter—Parr 6200 Isoperibol Calorimeter type analyser, using the ISO 1928:2009—Solid mineral fuels—determination of gross calorific value by the bomb calorimetric method and calculation of net calorific value standard. The proximate analysis of the coal sample was measured by thermal gravimetric analysis in a MOM Derivatograph-C type. The results of elemental, proximate, and heating value analysis are shown in Table 1. The TG and DTG curves during the thermal gravimetric analysis are presented in Figure 4.




2.2. Experimental Apparatus


Figure 5 shows the single line multi-stage gasification system which is used in this research. This multi-stage gasifier is placed in the workshop of the Institute of Energy and Quality, University of Miskolc, Miskolc, Hungary.



The system is installed in a 6 m2 area and 3.4 m in height. The multi-stage gasification system can preliminarily be grouped into three parts, up-stream, down-stream, and control part. The upstream part includes the fuel feeding system, reactors, electrical heaters, steam generator, and ash collecting system. The downstream part involves the tar collecting system, venturi washer, gas meter, and gas analyser. The control part is used for the automation of the gasification system, as well as the data logging during the gasification process. The main controlled devices are the motors, the steam generator, and the electrical heaters. While the main input parameters are the temperature along with reactors, the synthesis gas flow rate, the synthesis gas pressure, the water flow rate and pressure in the venturi scrubber, and the synthesis gas composition from the gas analyser. There are seven separate electrical heaters installed along the reactor surface. This helps to operate at different temperatures at each segment of the reactor during the gasification process.



Both reactors are made of heat-resistant steel, with 100 mm of outer diameter and 80 mm of inner diameter. The effective length of each reactor is 1600 mm and is covered by electrical heaters. The 1st and 2nd electrical heaters are used for the pyrolysis process in the first stage. The 3rd to 7th electrical heaters are used for the gasification process in the second stage.



The schematic diagram of the multi-stage gasification system is depicted in Figure 6. In each experiment, the reactors were heated up to the desired temperature. When the reactor reached the set temperatures, the starting material was fed from the fuel hopper to the first stage of the gasifier through a screw conveyor. In the first stage of the gasifier, the pyrolysis process was carried out. Following, the pyrolysis char and gas flowed through to the second stage of the gasifier. In the second stage, the steam was introduced into the gasifier for the reduction reactions. The ash produced from the gasification then was collected in the ash collector. After the gasification process took place, the synthesis gas entered the downstream section. In this section, the removal of tar and particle content took place within the heat exchanger and the venturi scrubber. In the heat exchanger, the synthesis gas was cooled down to collect the condensable components from the produced synthesis gas. The venturi scrubber was mainly used to control the flow rate of synthesis gas and to separate the remaining particles and volatiles from synthesis gas. In the venturi scrubber, the scrubbing water from the bottom of the water tank was pumped through a water filter to remove large size particles before entering the spaying nozzle. The high pressure ensures the atomizing of the washing liquid, which then is turbulently mixed at the throat section of the scrubber with the synthesis gas. In addition, the high-pressure spray of scrubbing liquid creates a vacuum at the gas inlet of the scrubber. Therefore, through the regulation of the liquid pressure in the venturi scrubber, we can set the pressure within the reactor. Finally, the dry synthesis gas passes through the gas meter and is combusted in a burner.



The operation parameters are presented in Table 2. The temperatures were kept at 300 °C in the 1st electrical heater and 600 °C in the 2nd electrical heater for the pyrolysis process at all experiments. At each operation parameter (gasification temperature in the second stage and steam flow rate), the experiment was conducted at least for 3 days. During the experiments, the condensate liquid and char yield was collected and weighed every hour for further analysis. During the gasification process, the temperature of the gasifier was independently regulated for the first and second stages by the controller. The steam flow rate was also controlled through the main control panel. The temperature along the gasifier, as well as the volume flow rate of synthesis gas, were recorded and monitored by the PLC.



The synthesis gas concentration was analysed in-situ with a GASBOARD-3100P gas analyser. The synthesis gas composition of CO, CO2, CH4 and CnHm is measured within a non-dispersive infrared sensor (NDIR sensor). The H2 concentration is determined by a thermal conductivity detector (TCD sensor), while the O2 concentration is evaluated by an electron capture detector (ECD sensor).




2.3. Methods of Data Processing


The low heating value of syngas (LHVsyngas) was determined using the following equation:


  L H   V   s y n g a s       M J   N   m   3       =       H   2   × 10.798 + C O × 12.636 + C   H   4   × 35.818     100    



(1)




in which H2, CO and CH4 are volume concentrations of components in synthesis gas (V/V%).



The carbon conversion efficiency (CCE) of the gasification process is calculated by:


  C C E ( % ) =     12 × Y × ( C O + C   O   2   + C   H   4   )   22.4 × C %     × 100  



(2)




where Y is the yield of synthesis gas (Nm3/kgcoal) and C% is the carbon content of coal in weight percentage (wt%).



The cold gas efficiency (CGE) is calculated by:


  C G E   %   =     L H   V   s y n g a s   × Y   L H   V   c o a l       × 100  



(3)




where LHVcoal is the lower heating value of coal (MJ/kg).





3. Results and Discussions


3.1. Effects of Gasification Temperature and Steam Flow Rate on Gasification Products


In the present experiment, the temperature of the first and second electrical heaters were kept at 300 and 600 °C, respectively. The gasification temperature of the second stage (3rd–7th electrical heater) was examined at 700, 800 and 900 °C. At each temperature condition, the steam/carbon (S/C) ratio was studied at 0.75, 1.00 and 1.25. The main gasification products are char, condensate liquid and syngas. In this study, the char and condensate liquid yields were the mean value of char and condensate liquid collected during the last 3 h on the last day at each experiment condition. The detailed data of char and condensate liquid yield are described in Table A1.



The effects of gasification temperature and S/C ratio on char yield are shown in Figure 7. The char yield decreased when the gasification temperature increased from 700 to 900 °C at all S/C ratios. At the S/C ratio of 0.75 and 1.00, the char yield declined slightly when the gasification temperature increased from 700 to 800 °C. From the initial 622.73 g/h to 580.87 g/h at 700 °C and from 599.65 g/h to 567.97 g/h at 800 °C. The char yield decreased when the S/C ratio varied from 0.75 to 1.25 for 800 and 900 °C, but in the case of 700 °C, the char yield increased from 580.87 g/h to 601.10 g/h when the S/C ratio varied from 1.00 to 1.25. This can be a result of the higher steam flow rate at low gasification temperature lowering the local temperature inside the gasifier. It led to a lower conversion rate of char in the gasifier. The lowest char yield was 373.03 g/h at 900 °C of gasification temperature and 1.25 of S/C ratio.



The effects of the gasification temperature and S/C ratio on condensate liquid yield are shown in Figure 8. The condensate liquid yield extremely decreased with the increasing gasification temperature at the same S/C ratio. At the S/C ratio of 0.75, the condensate liquid dropped from 327.9 g/h to 85.10 g/h at 700 and 900 °C, respectively. At the S/C ratio of 1.25, that numbers were 432.5 g/h at 700 °C and 269.2 g/h at 900 °C. However, at the same gasification temperature, the greater S/C ratio led to the higher condensate liquid. This can be basically explained by the higher S/C ratio that requires a higher introduction of steam flow rate into the gasifier.



The effects of the gasification temperature and S/C ratio on dry gas yield are illustrated in Figure 9. At a constant S/C ratio, the dry gas yield increased significantly with the increasing gasification temperature. At the S/C ratio of 0.75, the dry gas yield was only 0.41 Nm3/kgcoal at 700 °C of gasification temperature. While that was around two times higher at 900 °C of gasification temperature, with 0.85 Nm3/kgcoal of dry gas yield. The positive effects of increasing gasification temperature on dry gas yield were obviously shown at a higher S/C ratio. The dry gas yield generated at 900 °C was 2.3 and 2.6 times higher than that at 700 °C, with the S/C ratio at 1.00 and 1.25, respectively.



The increase in dry gas yield at higher gasification temperatures could be explained by two aspects. Firstly, the higher gasification temperature promoted the thermal cracking (Equation (4)) and steam reforming (Equation (5)) reactions of tar content [25,26,27]. It led to a higher yield of dry gas generated. Secondly, the endothermic reactions (Boudouard reaction—Equation (6), water gas reaction—Equation (7)) were promoted by increasing gasification temperatures [28,29]. Therefore, the higher gasification temperature resulted in a higher gas yield.


  T a r → l i g h t   h y d r o c a r b o n s + g a s e s  



(4)






  T a r +     n   1   H   2   O →   n   2   C   O   2   +     n   3   H   2     ( ∆ H > 0 )  



(5)






  C + C   O   2   → 2 C O   ( ∆ H = 172   k J   m o l   − 1   )  



(6)






  C +   H   2   O →   H   2   + C O   ( ∆ H = 131   k J   m o l   − 1   )  



(7)







At a constant gasification temperature, the dry gas yield increased remarkably if the S/C ratio increased from 0.75 to 1.00, and they increased slowly if the S/C ratio increased further from 1.00 to 1.25. The dry gas yield decreased slightly at 700 °C when the S/C ratio increased from 1.00 to 1.25. This means that the positive effects of increasing the S/C ratio on char gasification were limited at this temperature below the 1.25 S/C ratio. The highest dry gas yield was 1.14 Nm3/kgcoal at 900 °C of gasification temperature and 1.25 of S/C ratio.




3.2. Effects of Gasification Temperature and Steam Flow Rate on Syngas Composition


Figure 10 presents the volume fraction of syngas components of a typical experiment at 900 °C of gasification temperature and an S/C ratio of 1.25. In all experiments, it took from 60 to 90 min to reach the steady state after the steam feeding. In this experiment, after the steam introduction, the stable period was selected for analysis from the 90th min to the 330th min (4 h).



As shown in Figure 10, the syngas composition was steady during the stable period. During this time, the concentrations of the long-chain hydrocarbon (CnHm) and O2 in the producer gas were nearly unnoticed, which indicated the high reaction rate of the steam reforming reaction of the long-chain hydrocarbons in the steam gasification process. It was similar in the other experiments. The N2 concentration was under 2% during the stable period. This N2 content was mainly due to the air entering during the material feeding period. The most abundant gas compound was H2, around 55.5 V/V% during the stable period. Other main gas components were CO and CO2, around 27.55 and 13.7 V/V%, respectively. The produced gas also included a small amount of CH4, lower than 4 V/V% in this case.



The effects of gasification temperature and steam flow rate on syngas composition, H2/CO ratio, and low heating value of syngas (LHVsyngas) are illustrated in Figure 11. The main components of producer gas were H2, CO, CO2, and CH4, with the total average volume fraction accounting for higher than 94 V/V% under all experiments. The details of the syngas composition are summarised in Table A2.



As shown in Figure 11a,b, the average volume fraction of CO, CO2 and CH4 showed a significant variation when the gasification temperature increased from 700 to 900 °C. At 700 °C, the CO concentration was only below 9 V/V%, but it increased drastically by approximately four times at 900 °C of gasification temperature. On the other hand, the CO2 concentration decreased roughly by 2.4 times when the gasification temperature rose from 700 to 900 °C. At 700 °C of the gasification temperature, the volume fraction of CH4 was around 7 V/V%, which decreased by approximately 2.8 times at 900 °C. In particular, the changes in H2 concentration did not appear to be a monotonic trend when the gasification temperature increased from 700 to 900 °C. It increased first and then slightly decreased as the increasing gasification temperature from 700 to 900 °C. The H2 concentration was around 54 V/V% at 900 °C. The variation of syngas concentration could be a result of the strengthening of endothermic reactions (Equations (5)–(7), and methane reforming reaction—Equation (8)) by increasing gasification temperature [28,29,30]. Therefore, more CO and H2 were generated and more CO2 and CH4 were consumed during the gasification process. The water-gas shift reaction—Equation (9) is an exothermic reaction; consequently, it was pushed back when the gasification temperature was higher than the equilibrium temperature [31,32]. Therefore, it led to a slight drop in the H2 volume fraction when the gasification temperature increased from 800 to 900 °C.


  C   H   4   +   H   2   O → C O + 3   H   2     ( ∆ H = 206   k J   m o l   − 1   )  



(8)






  C O +   H   2   O → C   O   2   +   H   2     ( ∆ H = − 41   k J   m o l   − 1   )  



(9)







As is observed in Figure 11a,b, at 700 °C of the gasification temperature, the H2 concentration increased slightly and the CH4 concentration decreased slightly when the S/C ratio increased from 0.75 to 1.25. While the gasification temperature was at 800 and 900 °C, an increased S/C ratio demonstrated no significant effect on the H2 and CH4 concentrations. At 700 °C of the gasification temperature, the H2 concentration increased from 52.96 V/V% at 0.75 to 54.29 V/V% at the S/C ratio of 1.25. Meanwhile, the CH4 concentration decreased from 7.18 V/V% to 6.61 V/V%, respectively. At each experimental gasification temperature, the variation of the S/C ratio exhibited a considerable impact on the volume fraction of CO and CO2, especially at 800 °C of the gasification temperature. The volume fraction of CO decreased by nearly 1.5 V/V% at 700 °C and 3.8 V/V% at 900 °C when the S/C ratio rose from 0.75 to 1.25, while that number was 4.8 V/V% at 800 °C. As the S/C ratio increased from 0.75 to 1.25, the volume fraction of CO2 increased by around 2 V/V% and 2.8 V/V% at 700 °C and 900 °C, respectively. At 800 °C, the volume fraction of CO2 rose by 5 V/V%. The results discussed above indicate that the higher S/C ratio increased the reaction rate of the water–gas reaction— Equation (7), methane reforming reaction—Equation (8), and water–gas shift reaction—Equation (9) [33,34,35].



Figure 11c depicts the effects of the gasification temperature and steam flow rate on the H2/CO ratio. As discussed above, the H2 concentration increased slightly when the gasification temperature increased from 700 to 900 °C. While the CO concentration increased significantly. Therefore, the H2/CO ratio decreased with the increase in the gasification temperature. The H2/CO ratio was above 6 at 700 °C and then decreased to around 2 at 900 °C of the gasification temperature. In addition, the increase in the S/C ratio led to a decrease in the CO concentration. While the H2 concentration did not vary significantly. Hence, the H2/CO ratio increased as the rising of S/C ratio from 0.75 to 1.25, especially at 700 °C of the gasification temperature. At 700 °C, the H2/CO ratio increased from 6.19 at the S/C ratio of 0.75 to 7.63 at the S/C ratio of 1.25. That numbers were 1.72 and 1.99, respectively, at 900 °C of the gasification temperature.



The LHVsyngas as functions of the gasification temperature and S/C ratio are illustrated in Figure 11d. The LHVsyngas was calculated based on the volume fraction of combustible gases, such as H2, CO, and CH4. The volume fraction of CO increased significantly with an increase in the gasification temperature. It led to an increase in the LHVsyngas. In addition, when the S/C ratio increased, the volume fraction of CO and CH4 decreased relatively such that the LHVsyngas showed a downward trend when the S/C ratio increased from 0.75 to 1.25. The highest LHVsyngas reached 10.69 MJ/Nm3 at 900 °C of the gasification temperature and S/C ratio of 0.75.




3.3. Effects of Gasification Temperature and Steam Flow Rate on Gasification Efficiency


The carbon conversion and cold gas efficiency as functions of the gasification temperature and S/C ratio are shown in Figure 12a.



CCE depends on the dry gas yield, as well as the volume fraction of CO, CO2, and CH4, as expressed in Equation (2). The total volume fraction of CO, CO2, and CH4 increased only by nearly 3 V/V% when the gasification temperature increased from 700 to 900 °C. Therefore, the dry gas yield played an important role in the change in CCE when the gasification temperature rose from 700 to 900 °C. As is observed, the increasing gasification temperature increased the CCE. The highest CCE was 75.32% at 900 °C of the gasification temperature and the S/C ratio of 1.00. At each temperature condition, the CCE increased significantly as the S/C ratio increased from 0.75 to 1.00. Then the CCE decreased slightly when the S/C ratio increased to 1.25. At 900 °C of the gasification temperature, the CCE at the S/C ratios of 1.00 and 1.25 were 75.32 and 75.09%, respectively.



As described in Equation (3), the CGE is affected by the dry syngas yield and LHVsyngas. As is observed in Figure 12a, the CGE expressed the same trends as the change in CCE when the gasification temperature increased from 700 to 900 °C and the S/C ratio increased from 0.75 to 1.25. The highest CGE was 83.69% at 900 °C and the S/C ratio of 1.25.



The effects of the gasification temperature and S/C ratio on specific power consumption per cubic meter of syngas are illustrated in Figure 12b. The higher gasification temperature led to an increase in the dry syngas yield. Therefore, the specific power consumption was lower in the case of the gasification temperature at 900 °C. As the S/C ratio increased from 0.75 to 1.00, the specific power consumption decreased drastically at all gasification temperature conditions. It can be explained that the higher S/C ratio resulted in a higher syngas flow rate. Although, the steam generator consumed more energy at a higher S/C ratio. When the S/C ratio increased from 1.00 to 1.25, the specific power consumption decreased gradually at 800 °C of the gasification temperature, from 7.89 to 6.97 kWh/Nm3, respectively. However, the changes in specific power consumption showed different trends at 700 and 900 °C. At 700 °C, the specific power consumption increased significantly when the S/C ratio increased from 1.00 to 1.25, due to a decrease in the dry syngas yield. In the case of 900 °C, the specific power consumption decreased slightly from 6.18 kWh/Nm3 at the S/C ratio of 1.00 to 6.05 kWh/Nm3 at the S/C ratio of 1.25. The lowest specific power consumption was at 900 °C of the gasification temperature and the S/C ratio of 1.25.





4. Conclusions


The multi-stage gasification of Hungarian brown coal was investigated in this study. The experiments were performed in a multi-stage reactor with a continuous moving of starting material. The mass flow rate of starting material was 1084 g/h. The temperature of the pyrolysis stage remained at 600 °C during all experiments. The gasification temperature was studied at 700, 800, and 900 °C. The S/C ratio was examined at 0.75, 1.00, and 1.25 at each temperature condition. The main conclusions are listed below.



	
The higher gasification temperature significantly improved the gasification efficiency, as a decrease in char yield and an increase in dry syngas yield. The positive effects of the increasing S/C ratio on char gasification were limited, especially at 700 and 900 °C. The excess steam lowered the dry gas yield in the case of 700 °C of the gasification temperature. The highest dry syngas yield was 1.14 Nm3/kgcoal at 900 °C and the S/C ratio of 1.25.



	
The increase in the gasification temperature had a significant effect on the syngas composition. Meanwhile, the syngas concentration varied slightly when the S/C ratio increased from 0.75 to 1.25. From a chemical utilization point of view, the gasification temperature at 900 °C and the S/C ratio of 1.25 resulted in the most promising H2/CO ratio of 1.99. From an energetic point of view, the highest LHVsyngas was observed at 900 °C and the S/C ratio of 0.75, about 10.69 MJ/Nm3.



	
The carbon conversion also reached the highest values at 900 °C and the S/C ratio of 1.00, around 75.32%. The highest value of cold gas efficiency was 83.69% at 900 °C and the S/C ratio of 1.25.



	
The experimental results showed that the multi-stage gasification process is a viable solution to improve not only the use value of Hungarian brown coal but also the carbon emission reduction by producing a synthesis gas that is readily usable for methanol synthesis.
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Table A1. The data of char and liquid yield.






Table A1. The data of char and liquid yield.





	
Gasification Temperature




	

	

	
700 °C

	
800 °C

	
900 °C






	
S/C ratio

	

	
Char (g/h)

	
Liquid (g/h)

	
Char (g/h)

	
Liquid (g/h)

	
Char (g/h)

	
Liquid (g/h)




	
0.75

	
1

	
625.70

	
329.50

	
547.30

	
141.10

	
470.00

	
90.60




	
2

	
629.80

	
326.30

	
621.05

	
151.50

	
502.90

	
83.40




	
3

	
612.70

	
327.90

	
630.60

	
132.30

	
491.90

	
81.30




	
Mean value

	
622.73

	
327.90

	
599.65

	
141.90

	
488.27

	
85.10




	
1.00

	
1

	
568.00

	
410.80

	
568.90

	
260.40

	
417.00

	
169.10




	
2

	
588.80

	
409.60

	
584.50

	
273.60

	
401.60

	
185.60




	
3

	
585.80

	
417.10

	
550.50

	
273.50

	
402.70

	
170.60




	
Mean value

	
580.87

	
412.50

	
567.97

	
269.17

	
407.10

	
175.10




	
1.25

	
1

	
593.60

	
431.30

	
499.70

	
359.90

	
409.00

	
277.40




	
2

	
596.30

	
435.00

	
484.00

	
338.00

	
363.60

	
263.50




	
3

	
613.40

	
431.40

	
490.00

	
310.70

	
346.50

	
266.90




	
Mean value

	
601.10

	
432.57

	
491.23

	
336.20

	
373.03

	
269.27
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Table A2. The data of syngas composition.






Table A2. The data of syngas composition.





	
Gasification

Temperature

	
S/C Ratio

	

	
Syngas Composition (V/V%)

	
LHVsyngas




	

	

	

	
CO

	
CO2

	
CH4

	
CnHm

	
H2

	
O2

	
N2

	
MJ/Nm3






	
700

	
0.75

	
Mean

	
8.56

	
26.12

	
7.18

	
0.13

	
52.96

	
0.57

	
4.48

	
9.47




	
Max

	
9.47

	
27.53

	
9.04

	
0.23

	
55.49

	
0.66

	
5.91

	
9.99




	
Min

	
7.70

	
24.38

	
5.68

	
0.05

	
50.32

	
0.50

	
3.26

	
9.00




	
SD

	
0.30

	
0.59

	
0.61

	
0.03

	
0.90

	
0.03

	
0.68

	
0.17




	
1.00

	
Mean

	
8.04

	
26.72

	
6.92

	
0.15

	
53.48

	
0.61

	
4.08

	
9.39




	
Max

	
8.81

	
27.91

	
8.87

	
0.25

	
55.54

	
0.84

	
5.92

	
9.92




	
Min

	
7.15

	
25.87

	
5.53

	
0.08

	
51.21

	
0.53

	
3.02

	
8.99




	
SD

	
0.27

	
0.37

	
0.55

	
0.03

	
0.85

	
0.05

	
0.43

	
0.15




	
1.25

	
Mean

	
7.12

	
28.15

	
6.61

	
0.11

	
54.29

	
0.63

	
3.08

	
9.21




	
Max

	
7.68

	
30.39

	
7.82

	
0.19

	
56.68

	
0.76

	
4.56

	
9.59




	
Min

	
6.19

	
26.48

	
5.19

	
0.02

	
51.95

	
0.55

	
1.44

	
8.70




	
SD

	
0.28

	
0.72

	
0.52

	
0.03

	
0.76

	
0.04

	
0.55

	
0.15




	

	

	

	
CO

	
CO2

	
CH4

	
CnHm

	
H2

	
O2

	
N2

	




	
800

	
0.75

	
Mean

	
22.32

	
15.34

	
3.94

	
0.01

	
55.04

	
0.52

	
2.79

	
10.17




	
Max

	
25.51

	
18.78

	
5.52

	
0.06

	
57.53

	
0.60

	
4.35

	
10.62




	
Min

	
18.18

	
11.75

	
2.93

	
0.00

	
52.18

	
0.47

	
1.30

	
9.71




	
SD

	
1.56

	
1.37

	
0.44

	
0.01

	
0.77

	
0.03

	
0.52

	
0.17




	
1.00

	
Mean

	
19.01

	
19.04

	
4.11

	
0.01

	
55.00

	
0.53

	
2.30

	
9.80




	
Max

	
21.26

	
21.77

	
5.26

	
0.07

	
56.65

	
0.65

	
2.96

	
10.15




	
Min

	
15.88

	
17.46

	
3.26

	
0.00

	
53.33

	
0.46

	
1.38

	
9.47




	
SD

	
0.98

	
0.77

	
0.37

	
0.01

	
0.47

	
0.05

	
0.30

	
0.11




	
1.25

	
Mean

	
17.52

	
20.31

	
3.88

	
0.00

	
55.57

	
0.64

	
2.06

	
9.59




	
Max

	
19.23

	
22.37

	
5.04

	
0.06

	
57.05

	
0.78

	
4.73

	
9.87




	
Min

	
15.47

	
18.91

	
3.04

	
0.00

	
50.08

	
0.58

	
1.10

	
9.10




	
SD

	
0.74

	
0.60

	
0.37

	
0.01

	
0.60

	
0.04

	
0.42

	
0.10




	

	

	

	
CO

	
CO2

	
CH4

	
CnHm

	
H2

	
O2

	
N2

	




	
900

	
0.75

	
Mean

	
31.38

	
10.90

	
2.54

	
0.00

	
54.03

	
0.52

	
0.59

	
10.69




	
Max

	
35.19

	
14.00

	
3.56

	
0.15

	
56.00

	
0.66

	
2.51

	
10.93




	
Min

	
23.39

	
8.99

	
1.82

	
0.00

	
52.27

	
0.43

	
0.00

	
10.32




	
SD

	
1.70

	
0.96

	
0.31

	
0.02

	
0.66

	
0.06

	
0.51

	
0.11




	
1.00

	
Mean

	
30.99

	
11.30

	
2.35

	
0.01

	
54.10

	
0.43

	
0.79

	
10.59




	
Max

	
36.55

	
13.54

	
3.21

	
0.16

	
56.17

	
0.59

	
2.75

	
10.98




	
Min

	
26.01

	
8.95

	
1.65

	
0.00

	
51.01

	
0.36

	
0.00

	
10.20




	
SD

	
1.92

	
0.99

	
0.31

	
0.04

	
0.75

	
0.03

	
0.64

	
0.14




	
1.25

	
Mean

	
27.55

	
13.70

	
2.52

	
0.00

	
54.76

	
0.40

	
1.06

	
10.28




	
Max

	
30.79

	
15.47

	
3.74

	
0.13

	
56.15

	
0.47

	
2.85

	
10.51




	
Min

	
24.34

	
12.29

	
1.86

	
0.00

	
53.57

	
0.35

	
0.00

	
9.96




	
SD

	
1.23

	
0.61

	
0.32

	
0.01

	
0.46

	
0.03

	
0.58

	
0.10
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Figure 1. Single and double-line multi-stage gasification process. 
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Figure 2. Two-stage gasifier. 






Figure 2. Two-stage gasifier.
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Figure 3. Hungarian brown coal sample. 






Figure 3. Hungarian brown coal sample.
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Figure 4. TG and DTG analysis curves of coal sample. 
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Figure 5. Mutil-stage gasification system at the University of Miskolc, Hungary. 
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Figure 6. Schematic diagram of muti-stage gasification system at the University of Miskolc, Hungary. 
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Figure 7. The effect of gasification temperature and S/C ratio on char yield. 
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Figure 8. The effect of gasification temperature and S/C ratio on liquid yield. 
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Figure 9. The effect of gasification temperature and S/C ratio on dry gas yield. 
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Figure 10. The syngas concentration of a typical experimental day at 900 °C of gasification temperature and 1.25 of S/C ratio. 
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Figure 11. The effect of gasification temperature and S/C ratio on (a,b)—syngas composition, (c)—H2/CO ratio, and (d)—LHVsyngas. 
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Figure 12. The effect of gasification temperature and S/C ratio on (a)—carbon conversion and cold gas efficiency and (b)—specific power consumption. 
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Table 1. Elemental, proximate, and heating value analysis of sample (air-dried basis).
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Ultimate Analysis

	
Proximate Analysis






	
N

	
0.72

	
wt%

	
Moisture

	
10.37

	
wt%




	
C

	
35.60

	
wt%

	
Volatile

	
32.33

	
wt%




	
H

	
3.39

	
wt%

	
Fixed carbon

	
25.22

	
wt%




	
S

	
3.07

	
wt%

	
Ash

	
32.08

	
wt%




	
O a

	
25.14

	
wt%

	
Higher heating value

	
15.03

	
MJ/kg








a: by difference.
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Table 2. Experimental parameters.






Table 2. Experimental parameters.





	
Mass Flow Rate of Coal

	
Temperature at 2nd Stage

	
Steam/C Ratio






	
g/h

	
°C

	
mol/mol




	
1084

	
700

	
0.75




	
1.00




	
1.25




	
1084

	
800

	
0.75




	
1.00




	
1.25




	
1084

	
900

	
0.75




	
1.00




	
1.25
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